Treatment of Escherichia coli cells harboring pBR322 with the DNA gyrase inhibitors oxolinic acid and coumermycin Al led to an increase in the content of knotted pBR322 molecules. This phenomenon was attributed to inhibition of gyrase-catalyzed unknotting of the plasmid DNA knotted by transcription.
A limited amount of information has been obtained about duplex DNA knots produced in vivo. Liu et al. (10) have shown that the majority of the DNAs prepared from tailless capsids of coliphage P2 and P4 are knotted duplex rings. We have found that about 1% of plasmid pBR322 molecules are knotted in Escherichia coli topA+ gyr+ strains W3110 (18) and DM4100 (16) . Strains DM750 (AtopA gyrA224) and DM800 (AtopA gyrB225), carrying a deletion of the DNA topoisomerase I gene with a compensatory mutation of the DNA gyrase gene to reduce enzyme activity (18) , and their TopA+ transductants SD275 (topA+ gyrA224) and SD108 (topA+ gyrB225) (4) produced six to eight times as much knotted DNA as the topA+ gyr+ controls (16) . These data suggest that the increased production of knotted pBR322 DNA is closely related to mutations of the gyrase genes.
In this study, we examined the effects of oxolinic acid and coumermycin Al, representatives of two classes of gyrase inhibitors (reviewed in reference 5), on the content of knotted DNA molecules of pBR322. E. coli DM800 and DM4100 cells harboring pBR322 were grown to the mid-log phase (A6. 0.7) at 37°C in LB medium (3) containing L-cysteine (40 pug/ml) and ampicillin (50 ,ug/ml). The indicated amounts of oxolinic acid (Sigma) or coumermycin Al (Sigma) were added to the cultures, and they were further incubated for 15 min. To chill the cells quickly before harvesting, we poured the cultures into tubes containing 0.3 volume of frozen LB medium; under these conditions, culture temperatures reached about 6°C within about 3 min. pBR322 DNA was isolated from pelleted cells by the alkaline lysis method described by Maniatis et al. (11) , except that lysozyme treatment was done on ice for 10 min instead of at room temperature for 5 min. About 30 min usually elapsed between the time the cells were removed from 37°C and the time lysis was complete. pBR322 DNA from strains DM800 and DM4100 was nicked by pancreatic DNase I and electrophoresed in a 1% agarose slab gel by the published procedure (16) , resulting in separation of knotted nicked DNA species with various numbers of nodes from the unknotted nicked circular form. The DNA bands separated were transferred to a nylon membrane (Hybond-N; Amersham) by the * Corresponding author. t Present address: Life Science Research Laboratory, Japan Tobacco Inc., 6-2 Umegaoka, Midori-ku, Yokohama 227, Japan. method of Reed and Mann (14) and detected by Southern blot hybridization (17) with a 32P-labeled pBR322 probe.
Analysis of the knotted DNA molecules of pBR322 showed that predominantly knots with an odd number of nodes were produced ( Fig. lal and a2 ), confirming previous results (15, 16) . In DM800 (Fig. lal) , both oxolinic acid (lanes 1 and 2) and coumermycin Al (lanes 3 and 4) were found to increase the amount of pBR322 knotting (compare with lane C). Oxolinic acid displayed an especially dramatic effect at the higher concentration (5 ,ug/ml) (lane 2). The hybridization bands were cut out from the membranes, and their radioactivities were counted. pBR322 DNA isolated from DM800 cultured in the presence of 0.5 and 5 ,ug of oxolinic acid per ml or 1 and 15 ,g of coumermycin Al per ml was estimated to contain about 9 and 17% or 9 and 10% of the knotted forms, respectively. In the same way, the amount of the knotted form of pBR322 DNA cultured in the absence of gyrase inhibitor was estimated to be 5.5%. In DM4100 (Fig. la2) , a higher concentration of gyrase inhibitors also increased the amount of knotted pBR322 DNA, although the amount of pBR322 knotting was low compared with that in DM800. In both DM800 and DM4100, increasing the concentrations of oxolinic acid and coumermycin Al to 50 and 100 ,ug/ml, respectively, led to only a little additional accumulation of knotted pBR322 molecules compared with the results with 5 ,g of oxolinic acid per ml and 15 ,ug of coumermycin Al per ml (data not shown).
To interpret the results stated above, we assessed the state of negative supercoiling of the pBR322 DNA used for measuring the amount of knotted DNA by chloroquineagarose gel electrophoresis ( Fig. lbl and b2 ). In these panels, the lowest pBR322 band (marked with an arrow) is the most supercoiled, the intermediate bands are less supercoiled, and the top band (marked with an arrow) is relaxed (nicked) circular DNA. The distribution of topoisomers shifts upward with less supercoiling. pBR322 DNA isolated from DM800 was extremely heterogeneous and highly negatively supercoiled (Fig. lbl, lane C) , and that from DM4100 showed much lower negative superhelicity (Fig. lb2 , lane C), as reported previously (12, 13, 15) . Like the data obtained by other investigators (5) , a higher concentration of gyrase inhibitors reduced the negative superhelicity of pBR322 DNA in DM800 (Fig. lbl) and DM4100 (Fig. lb2) through interference with the action of gyrase; the reduction of superhelicity by 5 ,ug of oxolinic acid per ml in DM800 was (12) . especially significant (Fig. lbl, lane 2) . Hence, it appears that inhibition of DNA gyrase ability is closely related to the increase in the amount of knotted pBR322 DNA. The inhibitors may prevent the gyrase-catalyzed unknotting of knotted plasmid DNA. One might wonder why the effect of oxolinic acid is much higher than that of coumermycin Al. A possible answer for this question is as follows. A variant of DNA gyrase with almost one-half of the B subunit missing, DNA topoisomerase II' (1, 2, 7) , also takes part in the unknotting reaction. Unlike gyrase, it can unknot the knotted DNA in an ATP-independent manner. So coumermycin Al, which binds to the B subunit of gyrase and blocks its ATPase activity (5) acts with the A subunit of gyrase and arrests the breakagerejoining cycle with the enzyme stuck on the DNA (5), prevents the topoisomerase II'-catalyzed unknotting reaction.
The effect of oxolinic acid (5 jig/ml) on pBR322 knotting in DM800 was tested by varying how long the cell culture was treated at 37°C; the inhibitor was added to the culture when it was chilling (0-min treatment), or the culture was treated with the inhibitor for 7.5 min instead of 15 min and then rapidly chilled. As shown in Fig. 2a , an increase in the amount of knotted pBR322 DNA was observed with the 0-min treatment (lane 1) as well as with the 7.5-min treatment (lane 2). The extents of increase with the 0-min and 7.5-min treatment were 2.8 and 3.1 times that of the untreated control (lane C), respectively, being almost the same as that (3.1 times) of the 15-min treatment (lane 3). pBR322 DNA from the 0-min-treatment cells showed a high level of negative supercoiling distribution similar to that from the untreated control cells (lanes 1 and C of Fig. 2b ). pBR322 DNA from the 7.5-min-and 15-min-treatment cells showed a decreased level of negative supercoiling (Fig. 2b, lanes 2 and  3) . These data, together with the results of Fig. 1 , may be explained as follows.
In cultured E. coli cells, both knotting and unknotting reactions occur on pBR322 DNA, and they are controlled to maintain the amount of knotted DNA molecules at a constant level. This level, however, is different between DM800 and DM4100. Our previous report (15) showed that transcription of the tetracycline resistance gene sequence of pBR322 is a major determinant of the level of plasmid knotting. So strains DM800 and DM4100 were treated with a sufficient amount of rifampin, an inhibitor of initiation of RNA synthesis, to block transcription (prevent the knotting process) for 15 min before the cells were harvested. No production of knotted pBR322 DNA was observed in either strain (Fig. 3) each pBR322 sample may originate from a difference in the degree of blocking of the unknotting reaction, which proceeds in about 30 min between the time the cells are removed from 37°C and the time lysis is complete. Oxolinic acid blocked the unknotting reaction even if it was added to the chilled culture. In the above 30 min, however, negative superhelical turns of pBR322 were nearly not removed.
Concerning the knotting reaction of pBR322 DNA, we do not have a clear answer now. However, DNA gyrase is known to occasionally knot DNA in vitro (9) . Kato et al. (8) have recently isolated a new type II topoisomerase, named topoisomerase IV, essential for chromosome segregation in E. coli. This enzyme is also a potential producer of knotted DNA.
This study revealed that in growing E. coli AtopA cells, some knotted pBR322 molecules are generated, exposing a new aspect in the intracellular topological DNA structure of plasmid.
